In order to improve the drawbacks related to hydrogels, nanocomposite hydrogels were developed by incorporating different types of nanoparticles or nanostructures in the hydrogel network. This review categorizes nanocomposite hydrogels based on the type of their nanoparticle into four groups of carbon-, polymeric-, inorganic-and metallic-based nanocomposite hydrogels. Each type has specific properties that make them appropriate for a special purpose. This is mainly attributed to the improvement of interactions between nanoparticles and polymeric chains and to the enhancement of desirable properties for target applications. The focus of this paper is on biomedical applications of nanocomposite hydrogels and the most recent approaches made to fulfill their current limitations.
Introduction
The combination of nanotechnology with other fields of science has attracted increasing attention during the past decades. There have been numerous approaches to incorporate nano-scale methods with conventional methods toward manufacturing improved materials. Nanocomposite hydrogels are one example of such a combination between nanotechnology and biomaterial science.
Hydrogels are interconnected, natural/synthetic polymer chains that are connected to each other by crosslinkers to produce a hydrophilic material with the macromolecular structure of a gel. They can swell several times their dry weight and may contain up to 99% water or biological fluids [1] . This three-dimensional (3D) highly hydrated porous network can mimic the native tissue microenvironment and they are typically designed to hold, release or capture materials [1, 2] .
There are two types of hydrogels based on the production method: chemical (thermosetting) gels and physical (thermoplastic) gels. Chemical gels are cross-linked covalently through different methods, such as polymerization in the presence of a cross-linker or cross-linking of an existing polymer with different routes like heating, ultrasound, UV or γ-irradiation, etc. Physical gels are amorphous networks of hydrophilic polymers held together by noncovalent interactions, such as Van der waals forces, hydrogen bonding, etc. Chemical gels swell but do not dissolve in water, whereas physical gels eventually dissolve in water and may be melted by applied heat [3] .
In selecting materials for preparing a hydrogel, important properties should be considered, including swelling, mechanical properties, diffusion rates and chemical functionality. These properties depend on the cross-linking density, the distance between cross-links, the macromolecular structures in the gel and on the residual chemicals (monomers, initiators, etc.) [3] .
One of the disadvantages of hydrogels is their low mechanical strength [4] , especially when used as tissue engineering scaffolds or in any application that demands high mechanical strength with good tolerance of compression and good elasticity at the same time (e.g. cartilage tissues). Their low mechanical properties make them difficult to handle and load in different parts of the body. Recent approaches are shifting toward optimizing the mechanical and chemical properties of hydrogels for specific biomedical purposes.
The high surface-to-volume and aspect ratios of nanoparticles and nano-layers has made them a good choice for use in the network of polymeric materials [5] . The physical/chemical crosslinking of polymeric chains with different nano-scaled structures leads to a network with new exclusive properties, which is called a nanocomposite hydrogel [1, 2] . Novel properties and behaviors are observed after the nanoscale dispersion of fillers in the composite. Such dispersion can also improve some properties that already exist in the unfilled matrices [1, 6] .
Nanomaterials with different bases are used to attain nanocomposite hydrogels. Carbon-based nanomaterials (carbon nanotubes or CNTs, graphene, nanodiamonds), polymeric nanoparticles (dendrimers and hyperbranched polymers), inorganic/ceramic nanoparticles (hydroxyapatite, silicates and calcium phosphate) and metal/metaloxide nanoparticles (gold, silver and ironoxides) are some examples of these nanomaterials [2] ( Figure 1 ). This incorporation adds unique properties into hydrogels including the following [2] : -Stimuli responsiveness to radiation, temperature and electric or magnetic field. Stimuli may induce swelling, water expulsion and absorption and the release of contents captured inside the network. The smaller the hydrogel, the faster is the response [3] . This property makes hydrogels a potential candidate for drug/gene delivery and biodevices/biosensors. -Mechanical toughness, which is caused by the increase in entanglements of polymer network due to the incorporation of nanoparticles. Nanoparticles play the role of bridges between the polymer chains. The optimized mechanical strength is a vital property for biomaterials used in regenerative medicine, wound dressings and contact lenses. -Adhesion to surfaces, especially skin or soft tissues, which makes hydrogels a potential wound dressing material with ease of load/unload and handle on the body surface. This adhesion is due to the surface roughness of nanocomposites gained by incorporating nanoparticles in the network and interlocking into the irregularities of the target surface. -Ability to produce microfabricated structures, which is a physical method of manufacturing structures with nano/micro scale components. Cells are mostly cultured on 2D surfaces. These classic culture conditions are drastically different from the native 3D tissue environment, which can lead to abnormal cell behavior. Thus, there is a need to develop 3D cell culture platforms that can mimic native tissue conditions. This requires producing cell-friendly biomaterials with microfabrication techniques.
In developing nanocomposites, the challenge is how to create macroscopic components that benefit from the unique physical and mechanical properties of the nanoscaled objects within them [5] .
Carbon-based nanocomposite hydrogels
The carbon-based nanomaterials, such as carbon nanotubes (CNTs), graphene, fullerene (C60) and nanodiamonds, have potential applications in biomedicine. Especially, CNTs and graphene are widely used due to their high electrical conductivity, mechanical strength, and optical properties. CNTs are hollow cylindrical tubes consisting of carbon (graphite) with a high aspect ratio (∼1000) and sp 2 hybridization. Perfect (defect-free) CNTs differ from graphite in very low percentage or even the absence of chemically active dangling bonds. A feature of CNT is the variety of specific distances that are due to the Van der Waals forces. CNT pores are readily accessible to ions of different sizes and charges. The charging mechanism is described by the equation below [7] .
Containing these properties, carbon-based nanomaterials are good candidates for engineering electrically conductive tissues, such as nerve, muscle, and cardiac tissues [2] . The rigidity of CNTs is due to the strength of the C-C bonds in individual shells. Moreover, CNTs can act as a nanoscale heat sink, which prevents the composite material from over-heating and destruction. The optical properties of CNTs are strongly affected by the symmetry, the presence or absence of the cap (CNT ends) and the number of constituent carbon atoms [7] .
Carbon nanotubes
The hydrophobic nature of carbon-based materials limits their interaction with hydrophilic polymers. For this reason, CNT surfaces are modified with various polar groups, such as amines (NH 2 ), hydroxyls (OH) and carboxyls (COOH), or grafted with different polymer chains in order to enhance their dispersion ( Figure 2 ) [2] .
CNTs can be used as reinforcing agents within hydrogel networks and, in some cases, make the hydrogel responsive to external electrical or thermal stimuli. The addition of 1% CNTs to poly glycerol sebacate (PGS)-based hydrogels reinforces the polymer network. The hydroxyl groups on the PGS esterifies with the carboxylic groups present on the COOH-functionalized CNTs. Here, the CNTs act as both physical and covalent crosslinkers. This covalent crosslinking between the CNTs and polymer chains results in a significant increase in the tensile and compression modulus compared to pure PGS, although the elasticity of the polymer network is not compromised. As a result, the addition of CNTs changes the ductile fracture property of PGS to a brittle fracture property and an elastomeric stiff nanocomposite is obtained ( Figure 3 ) [8] .
Graphene/Graphene-oxide
Graphene sheets are treated with strong oxidizers in an intense acid environment or by radiation to attach oxygencontaining groups on their surface and obtain graphene oxide (GO). GO is more hydrophilic but less electroconductive in comparison to graphene. GO sheets can be reduced again with reduction agents and the heating process but they will still contain oxygen-containing residuals.
In a recent report, gelatin methacrylate (GelMA) impregnated with functionalized GO (fGO) nanosheets, for the site-specific gene delivery of pro-angiogenic human vascular endothelial growth factor plasmid DNA (pDNA VEGF ) to damaged cardiac tissues [9] . GO can be used to deliver genes efficiently when bonded to cationic polymers such as polyethyleneimine (PEI). While low molecular weight, branched PEI is known to have low cytotoxicity and binds strongly to DNA, it is an acceptable material for gene transfer and can enhance gene delivery efficiency in combination with GO. This is how fGO is produced [10] [11] [12] . GelMA is also nontoxic to cells if its concentration and degree of methacrylate are optimized [13] . This combination promotes local myocardial neovascularization at the injected sites and reduces fibrosis. The heart ejection fraction (%EF) and thus the heart function, is also improved, as shown in Figure 4 [9] .
The dispersion of gold nanoparticles on GO or reduced GO (rGO) sheets or the encapsulation of gold clusters inside graphene-based cages generates a new class of hybrid materials for drug/gene delivery, bioimaging, electrochemical biosensing and photothermal therapy. The oxygen-containing functional groups on GO and rGO are essential for further chemical reactions and the integration of gold nanostructures through the electrostatic interactions, covalent linkage and π-π stacking [14] . A scheme is shown in Figure 5 .
Although carbon-based hydrogels are able to imitate some of the functions of native tissues, their long-term cytotoxicity as tissue replacements in the body should be considered; it also requires further investigations under in vitro and in vivo conditions [2] .
Polymer-based nanocomposite hydrogels
Dendrimers or hyperbranched polymers, liposomes, polymeric micelles, nanogels and core shell polymeric particles are some examples of nanoparticles with the ability to entrap hydrophobic or hydrophilic drugs, proteins, genes and other bioactive agents. These hybrid hydrogels have gained attention in the pharmaceutical and biomedical areas due to their controlled drug release ability [15, 16] . This ability results from the stimuli-responsiveness of these polymeric nanoparticles. Stimuli-responsiveness means demonstrating a sharp change in properties upon a small change in environmental conditions like temperature, light, concentration or pH. Ionizable polymers with a pk a value between 3 and 10 are candidates for pH-responsive systems. Weak acids and bases like carboxylic acids, phosphoric acids and amines, respectively exhibit a change in the ionization state upon variation of the pH. This leads to a conformational change in the swelling behavior of the hydrogels when these ionizable groups are linked to the polymer structure [17] . The heart ejection fraction (EF%) was monitored at days 2 and 14 post-treatment. p < 0.0001; ***p < 0.001, **p < 0.01, *p < 0.05 vs. time-matched control (n = 7). The p-values comparing time-matched GG′ and GG are indicated by ψ. This is an unoflcial adaption of Ref. [9] that appeared in an ACS publication. ACS has not endorsed the content of this adaption or the context of its use.
Figure 5:
The decoration of GO and rGO with gold nanostructures using different interaction forces. Adapted from Ref. [14] with the permission of The Royal Society of Chemistry.
Dendrimers/Hyperbranched polymers
Dendrimers have high reactivity and loading efficiency due to the multiple functional groups on their periphery and their highly branched porous structure [2] . The stiffness of the hydrogels, the degradation properties, and the hydration kinetics are affected by the dendrimer concentration. The resulting nanocomposite hydrogels containing dendrimers show high stress absorbing capacity, which is crucial for cartilage tissue engineering applications. The globular morphology of chondrocytes encapsulated within the hydrogel nanocomposite is retained, and a significant increase is observed in the production of type II collagen and proteoglycans [18] . In another work, collagen-grafted nanocomposite films showed significant improvements in cell adhesion and proliferation due to the changes in wettability, surface morphology and new functional groups on the surface [19] . It has been observed that photocrosslinkable hyperbranched polyester (HPE) hydrogels can encapsulate hydrophobic drug molecules as a result of the hydrophobic structure inside their cavities. As the concentration of HPE increased, the functionalization of HPE with photocrosslinkable acrylate moieties resulted in formation of hydrogels with a highly porous interconnected structure, mechanically tough network and better attachment of fibroblasts on the surface (Figures 6 and 7) [20].
Liposomes
A liposome is a tiny bubble made out of the same material as a cell membrane (phospholipids). When membrane phospholipids are disrupted, they can reassemble themselves into tiny spheres, smaller than a normal cell, either as bilayers or monolayers. The bilayer structures are liposomes. The monolayer structures are called micelles. Liposomes are hydrophilic at the core and surface but hydrophobic at the shell layer. Hence, they can be loaded with hydrophobic and/or hydrophilic molecules, such as drugs, bioactive agents, DNA, RNA, and genes [21] . Drug-loaded liposomes, can be mixed with materials, such 6 | S. Rafieian et al.: Biomedical applications of nanocomposite hydrogels as degradable polymers, acting as a matrix or carrier in the system and then crosslinked to obtain nanocomposite hydrogels to deliver the molecules to a site of action ( Figure 8 ).
Nanogels
Nanosize hydrogels (nanogels) can trap bioactive compounds inside their nanoscale core. They respond to microenvironmental elements, such as temperature or pH, because of their nano-dimensions. Various methods are used to prepare nanogels based on their crosslinking route. They can be crosslinked either with covalent bonds (chemically) ( Figure 9 ) or with hydrogen bonds as well as electrostatic and hydrophobic interactions (physically). For example, the amphiphilic block copolymers can self-assemble mono dispersive polymer micelles in water. Nanogels have been obtained by covalent cross-linking of the hydrophilic or hydrophobic polymer chains in these polymer micelles either at core or shell ( Figure 9 -A) [5] .
Another route to obtain nanogels with a wellcontrolled size is through nano or microemulsion polymerization. This polymerization occurs within the core of oil-in-water or water-in-oil nano or microemulsions in the presence of surfactants (Figure 9 -B). Monodispersed nanogels of various sizes have been synthesized using atom transfer radical polymerization (ATRP) in water-in-oil nanoemulsion. Water-soluble drugs, including anticancer drugs (e.g. doxorubicin) and bioactive macromolecules (e.g. DNA and proteins) can be easily incorporated into nanogels using this method [5, 22] .
In a recent work, Poly(D, L-lactide-co-glycolide) (PLGA) micro/nanoparticles have been prepared using oil-in-oil emulsion/solvent evaporation in the presence of surfactants. Results indicate that the mean size of PLGA micro/nano particles is influenced by the polymer and surfactant concentration, stirring speed, impeller type and dropping size [23] . In addition, nanogels can be obtained using the aqueous cores of liposomes as reaction vessels. Nanogels with the size of the liposomal template are obtained after the removal of the lipid molecules covering the hydrogel. The lipid-coated nanogels can be used as nanocarriers (Figure 9-C) [24] . Nanogels can be used as nanoparticles in the construction of a hydrogel. Nanogel-integrated hydrogels (nanogel cross-linked gels) are attractive for drug delivery systems, regenerative medicine and bioimaging [5] . In an interesting application, synthesized poly(n-isopropylacrylamide) (PNIPAAm), a temperatureresponsive polymer, was coated on gold nanorods. The resulting core-shell nanocomposites were intravenously injected into mice, and the right kidney of each mouse was then exposed to near-IR laser irradiation (Figure 10-A) . The organs were subsequently collected and the amount of gold nanorods in these organs was analyzed, as shown in Figure 10 -B. Nanogels collapsed and aggregated during the on/off positions of the light source, according to diameter changes shown in Figure 10 -C. The gold particles or any kind of encapsulated drug molecules within the nanogel core can be released in a controlled manner [25] .
Inorganic-based nanocomposite hydrogels
Most of the inorganic nanoparticles, such as nanohydroxyapatite (nHA), synthetic silicate nanoparticles (nanoclays), bioactive glasses, silica, calcium phosphate, glass ceramic and wollastonite, are the essential minerals for normal tissue functions in the body [2] . These different types of ceramics are extensively used in implantable materials, especially for bone-related applications. Various types of chemical bonds can bond bone to ceramics [26] , including the following: -Direct covalent-ionic bond of a PO 4 3− group attached to both an organic constituent of bone and the cation or oxygen ion on the surface of a ceramic; -An electrostatic chemical bond between a positively charged amine group and a negatively charged oxygen surface of a ceramic; -The hydrogen bonding of a hydroxyalated surface with the carboxyl group of an amino acid; -The Van der Waals bonding of organic constituents inside a rigid hydrosphere with the negatively charged surface of the materials; -A complex combination of ionic, Van der Waals and hydrogen bonding between the ceramic surface and the electrostatic charges at the minor banding sites of collagen; and -The epitaxial crystal growth between HA bone mineral crystals and the biomaterial substrate.
Hydroxyapatite
Hydroxyapatite is a mineral found in teeth and bones. It is mainly used as a filler for amputated bone substitution or as a coating for implants for bone ingrowth promotion. However, they have some drawbacks, such as a low bioresorption rate in vivo, a poor stimulating effect on the growth of new bone tissues, low crack resistance and small fatigue durability in the physiological environment. One approach to overcome these drawbacks is to modify the hydroxyapatite structure with uorine or silicon. The biodegradation properties, protein adsorption and adhesion of the coating to the metal substrate can be improved by using uorine [27] . Cell-laden protein-based hydrogels are potentially used in regenerative medicine and soft tissue engineering. Some studies tried to improve the poor mechanical strength of protein-based hydrogels and made them suitable for hard tissue engineering as well. For example, by incorporating nHA into gelatin-based hydrogels, the stiffness of hydrogel significantly improved while the structural integrity and swelling ratio did not change considerably. New minerals with a near-spherical shape also formed homogeneously on the surface of nanocomposites after incubation in simulated body fluid (SBF). Due to the shape of the minerals, they are assumed to be calcium apatite (Figure 11) . Moreover, the embedded cells easily extended, proliferated and unified with adjacent cells in the nanocomposite. Thus, it can be said that nHA not only acts as a reinforcing filler, but also stimulates cellular growth and provides a bioactive character for the hydrogel nanocomposite [28] .
A recent study demonstrated the fabrication of nanocomposite microspheres based on chitosan, gelatin and nHA. Results indicate that, by changing the nHA/biopolymer (chitosan/gelatin) weight ratio, stirring rate and biopolymer concentration, the particle size and morphology of nanocomposite microspheres would be influenced. Morphological tests indicate that it is possible to fabricate microspheres in wide ranges of particle sizes and different morphologies -from a dense one for drug delivery systems to a porous one for cell delivery applications [29, 30] . NH 2 content and crosslinking density of such composites based on chitosan/gelatin/nHA can also have great impacts on their performance and mechanical stability in aqueous media [31] .
Synthetic silicate nanoparticles (nanoclays)
Mixing linear and branched polymers with nanoclays leads to tissue-adhesive nanocomposite hydrogels with improved mechanical properties [32] . Nanoclay morphology is anisotropic and plate-like with a high aspect-ratio, resulting in high surface interactions. The polymer chains reversibly adsorb and desorb on the silicate surfaces due to the non-covalent interactions between the polymers and the nanoparticles (Figure 12 ) [33, 34] . Depending on the clay type, the individual layers could be composed of two, three or four sheets of either SiO 4 4− tetrahedra or [AlO 3 (OH) 3 ] 6 octahedra. These layers can organize themselves over one another like pages of a book, with a regular Van der Waals gap between them, called an "interlayer". This interlayer possesses net negative charge, which is due to the ionic substitutions in the sheets of clay minerals. The layer charge is neutralized by cations occupying the inter-lamellar and can be easily replaced by other required cations or molecules [35] . Montmorillonite nanolayers have been exfoliated in the chitosan sulfate (SMMT) matrix, presenting a nanohybrid membrane for wounds with low to moderate exudates. These novel wound dressings showed improved physicochemical properties than conventional nanocomposite films. They did not show any cytotoxicity against fibroblast cells and a better cell attachment was observed on Chitosan/SMMT [36] .
A type of bio-modified clay, chitosan-intercalated montmorillonite (chitoMMT), has been incorporated into novel hydrogels and compared with the clay-free ones. An electroresponsive polymer served as the hydrogel base and ChitoMMT is embedded within the network to achieve super-swelling nanocomposite. ChitoMMT exhibited no cytotoxicity and enhanced the gel strength and thermal stability at the optimized content of 6% [37] .
Highly charged nanoparticles can localize clotting factors. By concentrating clotting factors, blood coagulation could be induced. Nanoclays are positive along the edge and negative on the top and bottom surfaces. Hence, these charged disks can form self-assembled structures that can dynamically form and break. According to shear-thinning specifications of such systems in aqueous media, they could be used for minimally invasive therapies ( Figure 13 ) [2, 38] .
One approach for hemorrhage treatment is to engineer into a wound site some injectable biomaterials, which flow with minimal applied pressure during injection, thus avoiding additional patient trauma. The material should solidify quickly and remain at the wound site. To avoid biomaterial loss or flow to unwanted areas, it should be thermally stable. One way to achieve this is to add nanoclays into the gelatin, which would significantly improve the physiological stability, injectability, hemostatic performance and nanocomposite-clot strength. The human blood initiates coagulation in 5-6 min in normal conditions. The incorporation of nanoclays into gelatin leads to a decrease in the observed clotting time in vitro ( Figure 14 ) [38] .
Recent studies have shown that nanoclay can induce the osteogenic differentiation of human mesenchymal stem cells (hMSCs) without the use of exogenous growth factors [39] . For example, poly(glycerol sebacate) (PGS), a widely used material in tissue engineering applications The clot formation as a function of time and nanocomposite composition. xNCy ("x" represents the total solid weight percent and "y" is percent of the total solid weight percent that is nanoplatelet). This is an unoflcial adaptation of Ref. [38] that appeared in an ACS publication. ACS has not endorsed the content of this adaptation or the context of its use. because of its tough elastomeric mechanical properties, biocompatibility and controllable degradation, lacks enough bioactivity and has limited utilization for musculoskeletal tissue engineering. By covalently reinforcing the PGS network with 2D nanoclays, a bioactive highly elastomeric and mechanically stiff nanocomposite is obtained, while also significantly enhancing cell adhesion and proliferation (Figures 15 and 16 ). The in vitro stability of nanocomposites is also better with the higher amount of nanosilicates [40] . However, the long-term cytotoxicity of silicate nanoparticles must be investigated through further in vivo experiments.
Glass ceramics
Glass is an inorganic, amorphous material with a randomly arranged atomic structure [41] . It is possible to rearrange the random structure of glass to an ordered structure of a ceramic, which is more stable than others ( Figure 17 ). The result is called a glass-ceramic. Bioactive glasses are a group of surface reactive glassceramic biomaterials. These can be integrated in polymeric hydrogels as reinforcing bone growth induction agents in order to obtain nanocomposite hydrogels. A commercially available family of bioactive glasses, called bioglass, comprises SiO 2 , Na 2 O, CaO and P 2 O 5 in specific proportions. The formation of apatite crystals is due to the high ratio of calcium to phosphorus. Meanwhile, calcium and silica ions act as crystallization core. These biocompatible glasses are extensively used as implant materials to repair and replace damaged bone ( Figure 18 ) [42] . Recent studies focused on the modification of bioactive glass surface. The surface morphology is a key component in defining the bioactive response [43] .
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A bioactive glass transforms to hydroxyapatite crystals and immerses in a physiological environment in five stages. First, Na + cations in the glass network exchange with hydronium ions in the external solution (ion exchange stage). Second, the Si-O-Si molecules breaks into Si-OH silanol groups and the glass network is disrupted (hydrolysis stage). The silanol groups of previous stage condensate and form a gel-like layer (condensation stage); then, an amorphous calcium phosphate layer is deposited on this gel layer (precipitation stage). Finally, the calcium phosphate layer gradually transforms into crystalline hydroxyapatite (mineralization stage) [43] .
Calcium phosphate
Several different forms of calcium phosphate can fulfill different jobs. One type of calcium phosphate is hydroxyapatite, which exists in bones and teeth. Other forms of calcium phosphate are used in food products. However, the use of hydroxyapatite as a food supplement is discouraged [44] . If your diet does not provide a steady supply of calcium, your body can not continuously remove or replace the old or damaged bone with new bone. Calcium phosphate contains a smaller amount of calcium than other types of common and economical supplementations for calcium, like calcium carbonate and calcium citrate. However, dicalcium and tricalcium phosphates have higher amounts of calcium. Tricalcium phosphate has about the same amount of calcium per dose as calcium carbonate, and it is used as a nutritional supplement naturally found in cow milk [44, 45] . Hence, the nanoparticles of calcium phosphate embedded within hydrogels can be a good choice for stimulating bone growth.
Wollastonite
Wollastonite (CaSiO 3 ) is a calcium silicate that has been used as a filler to improve the mechanical properties of different composites. It has good bioactivity and biocompatibility, which makes it a potential material for artificial bones and dental roots [46] . In vitro experiments show that a hyroxyapatite surface layer with pH, temperature and Figure 18 : The bioactive glass coating on a Ti6Al4V (6% Aluminium, 4% Vanadium, 0.25% (maximum) Iron, 0.2% (maximum) Oxygen and the remainder Titanium) implant screw. Image available at Ref. [42] .
ion concentration of human blood plasma is formed upon the exposure of wollastonite to SBF. This finding opens up a wide field for applications of wollastonite as an artificial material that can be used as bioactive bone substitute. Reinforced nanocomposite hydrogels can be obtained by combining these inorganic bioactive nanoparticles with natural or synthetic polymeric hydrogels [47] .
Metallic-based nanocomposite hydrogels
Different metallic nanoparticles can be used to create nanocomposite hydrogels for biomedical applications, including as gold (Au), silver (Ag) and metal-oxide nanoparticles, such as iron oxide (Fe 3 O 4 , Fe 2 O 3 ), titania (TiO 2 ), alumina and zirconia, among others [34] . The metallic nanoparticles show eligible physical properties, such as electrical and thermal conductivity (Au nanorods), magnetic properties (iron oxides) and antimicrobial properties (Ag nanoparticles). Therefore, nanocomposite hydrogels comprising metal or metaloxide nanoparticles are widely used as imaging agents or in drug-delivery systems, conductive scaffolds, switchable electronics, actuators, and sensors [2, 34] .
By modifying the nanoparticle surfaces with functional groups, the weak interactions between the polymer chains and the metallic nanoparticles can be enhanced [48] . Alumina and titania nanoparticles have limited use in fabricating hydrogel structures due to their limited interactions with polymeric chains, and no enhancement in the physical properties of the hydrogel network has been reported [2] .
Anti-microbial effect of metallic nanoparticles
Metals like copper and silver can be used as antimicrobial agents, because they are toxic to bacteria and are also stable under physiological conditions. Polymer/metal nanocomposites can also be made by several routes, such as the in situ synthesis of the nanoparticle within a hydrogel or the direct addition of the metal nanofiller into a hydrogel matrix. This can extend the antimicrobial application of these metals. The antimicrobial mechanism of these nanocomposites is based on the steps explaining how bacteria disappear in the physiological environment. As shown in Figure 19 , the bacteria absorbed on the polymer surface and water with dissolved oxygen diffuse to the polymer matrix from the surrounding medium. Oxygen molecules reach the surface and the corrosion process with the embedded metal nanoparticles occurs. Metal ions are released and reach the composite surface, thus causing damage to the bacteria membrane and are eventually diffused into the bacteria [49] .
Silver nanoparticles are non-toxic antibacterial agents with a poor binding affinity with surfaces. The nucleation and growth of these nanoparticles can occur in free spaces between the crosslinked networks of hydrogels in the swollen position. In fact, these spaces act as a nanoreactor. Recent advances aim to obtain silver nanoparticles in gel networks ( Figure 20) . Silver nanoparticle size can also influence the antibacterial activity of the hydrogel nanocomposite. The results of the antibacterial activity test towards E. Coli shows that the lower size nanoparticles have better antibacterial activity, because they could come out of the hydrogel network easily and interact with E. Coli ( Figure 21 ). Even if the silver nanoparticles can leave the hydrogel network, they do not show a high antibacterial activity, especially if the size is large [50] .
Magnetic nanoparticles
The magnetic nanoparticles embedded within a hydrogel network generate heat when subjected to external magnetic fields. Therefore, the temperature of the surrounding matrix reaches above the lower critical solution temperature (LCST) of the polymer and results in a coil-to-globule transition of the polymer chains ( Figure 22) . Hence, the therapeutic agents or cells embedded within the hydrogel network are released [25] . The magnetic-based nanocomposite hydrogels can remotely interact with the exterior magnetic fields and can thus be used for biosensing, diagnostic and bioactuation applications [2, 51] . For the fabrication of monodispersed core-shell hybrid particles with a magnetic core and a biocompatible polymeric shell, the magnetic nanoparticles are fabricated through the co-precipitation technique. Particle surface iss modified with the amine functional groups of (3-aminopropyl) trimethoxysilane (APTMS). Finally, the hydroxypropyle cellulose (HPC), a thermoresponsive polymer, is covalently joined to the amine groups. This is a unique combination between paramagnetic nature of the particles and the thermoresponsive behavior of the cellulose. Such a hybrid system would be a good remote-controlled drug carrier [51] .
By seeding the heart cells within 3D porous scaffolds made from biological or synthetic polymers like alginate or poly lactic acid (PLA), the engineered cardiac patches are produced. Thus, the cells inside the scaffold gradually organize into functioning tissues. However, the patch cannot act strongly as a unit due to the poor conductivity of these materials [52] .
In an interesting application, gold nanowires are incorporated within alginate scaffolds for treating damaged heart tissues. Alginate is selected because of its extensive use in myocardial regeneration. The electrically resistant pore walls of alginate can be connected through gold nanowires acting as a bridge between cardiac cells. In order to connect with cells on both sides, nanowires must be longer than the average thickness of the alginate pore wall (Figure 23 ). Compared to pristine alginate, tissues grown on these matrices are thicker and better unified. In addition, the cells contract synchronously when stimulated electrically. Moreover, the resulting nanocomposites have improved the mechanical properties because the nanowires can act as reinforcing agents [52] . Table 1 shows some important recent works in the field of nanocomposite hydrogels considering the carbonic, polymeric, inorganic and metallic nanoparticle categorization made in this review. 
Current trends
Some essential features must be controlled in the current nanocomposite hydrogels, including stimuli responsiveness, biodegradation and optimized mechanical strength. The kind of stimuli used for changing the properties of the hydrogel is based on the kind of nanoparticles embedded within the hydrogel networks. A range of stimuli-responsive elements can be incorporated within nanocomposite hydrogels, such as mechanically adaptive, pH/enzyme/ion responsive, electrically stimulating, thermoresponsive and magnetic responsive elements. These are the future directions in development of nanocomposite hydrogels [34] .
One trend that could be considered is the multi-phase combination within a nanocomposite hydrogel network to imitate the structure and properties of native tissues. Past studies have reported the superior physical and chemical properties in multi-component hydrogels in comparison with the two-component systems [2] . Further experiments are required to overcome the complexity of optimizing these systems for the required applications.
In the case of synthesized nanoparticles, although various forms of nanoparticles have already been synthesized by using biogenic sources (e.g. plants, bacteria, fungi, yeast, etc.) [1] , there are still many types of nanoparticles that have been synthesized based on the physical/chemical methods. However, no study has yet to investigate the biogenic synthesis of CNTs using an ecofriendly method.
Most of the approaches made to improve the nanoparticle/hydrogel interactions is based on the surface modification of the nanoparticles. On the one hand, covalent functionalization forms stable chemical bonds, but the novel nanoparticle properties may be lost. On the other hand, non-covalent functionalization has limited for drug-delivery applications because it is based on weak Van der Waals forces [1] . Hence there is a need for nondestructive approaches (like non-covalent modifications), which could make stable bonds (like covalent modifications) in the surface modification of the nanoparticles simultaneously and provide the benefits of both covalent and non-covalent functionalization.
In the future, more attention will be paid to other types of technologies, such as microfabrication approaches, to make hybrid materials [2] . The use of microscale technologies will enable us to overcome some of the complexities in engineering functional tissues. Engineering tissues with the spatiotemporal control of cells and biophysical signals is a goal that can be achieved by gaining a better understanding of cell-nanomaterial interactions. Many microfabrication approaches have been proposed to locate different types of cells within the hydrogel network and facilitate effective tissue formation. The development of photo-crosslinked nanocomposite hydrogels can also help us control cellular behavior.
Conclusions
The nanocomposite hydrogels are advanced biomaterials that can potentially be used for a wide range of biomedical and pharmaceutical applications. Compared to conventional polymer hydrogels, the nanocomposite hydrogels have superior physical, chemical, mechanical and electrical properties. Furthermore, better interactions between the polymer chains and nanoparticles result in better nanocomposite performance.
Many approaches have been proposed to improve the nanoparticle/polymer interactions based on the covalent/non-covalent surface functionalization of nanoparticles with different chemical or biological agents according to the final application of hydrogel nanocomposite.
The nanocomposite hydrogel application is based on the type of nanoparticles embedded within their network. Generally, they can be categorized into four groups of carbon-, polymeric-, inorganic-and metallic-based hydrogel nanocomposites. Each category has its own set of properties that make it appropriate for a specific biomedical field.
Carbon-based hydrogel nanocomposites are mainly used in electrically conductive tissues and in the enhancement of mechanical strength or optical properties. Polymeric-based hydrogel nanocomposites, which could be pH/temperature/concentration/light sensitive, are good drug carriers and their main application is in controlled drug delivery. Inorganic-based hydrogel nanocomposites are mechanically strong and are widely used in bone-related implantations. Finally, metallic-based hydrogel nanocomposites are responsive to electrical/magnetic field stimuli and can be remotely controlled. They also demonstrate antibacterial properties and are widely used as imaging agents, conductive scaffolds, actuators/sensors and drug delivery systems.
Despite all the developments in the field of nanocomposite hydrogels, there is still a lack of control over their long-term cytotoxicity in vivo issues, stimuli responsiveness, biodegradation and mechanical properties. Thus, future studies may shift toward combining multi phases or multi components to design improved nanocomposite hydrogels. The surface functionalization of nanoparticles and the methods used for nanoparticle/nanostructure synthesis also need further attention in order to create hydrogels that are both stable and ecofriendly.
